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In this article, we present a mathematical model applied to the concentration of solar energy. This system is
designed to prepare steam to meet the sterilization needs of medical instruments. A conical concentrator coupled
to an autoclave in cylindrical form is placed in the conical reflector axis. We present a mathematical model
explaining the thermal behaviour of water in a medical autoclave. The validation of the model was well done
with the literature results. Our results indicate that the system produces saturated steam and takes 20 to 30 min,

depending on climatic conditions and autoclave dimensions. The sufficient time to reach a temperature of more
than 121 °C where no organism reproduces after being kept in an autoclave at 126 °C for 6 min or at 121 °C for at
least 20 min. The simulation results encourage us to optimize the concentrator device to obtain a useful solar
sterilizer, using the theoretical model as a safe guide to achieve this.

Introduction

Solar energy is one of the most important renewable energies we can
rely on in the future. The continuous increase in population necessarily
leads to a continuous increase in the consumption of energy, particularly
fossil fuels, which, after being exploited, produce carbon dioxide,
causing an increase in its percentage in the atmosphere and, therefore,
an increase in greenhouse gas emissions. Which causes a climatic
imbalance. Solar concentrators focus solar energy at high and medium
temperatures for thermal or electricity generation applications.
Depending on the type of concentration, solar concentrators can be
classified as linear concentrators, such as a parabolic trough, or point
concentrators, such as a solar parabolic dish. These two concentrators
are a little difficult to produce because of their curvature, which requires
fairly precise equipment. Conical concentrators are simple geometric
shapes that are easy to create.''”'® The description of the solar autoclave
includes a conical reflective surface, which we call a concentrator, and a
cylindrical receiver (where we place the surgical instrument). This sys-
tem must be equipped with a solar tracker to ensure maximum solar
radiation reaches the system. The autoclave contains fluid such as water
to ensure the thermal transfer of this concentrated energy to the medical
equipment.z’3 Exploiting solar energy using concentrators is interesting
because it is affordable, accessible, and clean for the environment. Solar

concentrator technology is simple and less expensive. For example, we
can operate an autoclave without any cost, solving the problem of
sterilizing medical instruments in developing countries and partially or
isolated areas '°~'”. This work is presented in this thermodynamic study
of the solar autoclave composed of a conical reflector and steam prep-
aration system. To reproduce the system’s transient behavior, we pro-
posed an energy balance equation to carry out the model; this leads to a
Partial differential equation for the temperature.* Solving the differen-
tial equation using the Runge-Kutta numerical method of order 4 gives
us the temperature evolution of the autoclave and the water.” The
temperature is an essential thermodynamic variable. With it, we have a
clear idea of the time it will take for the autoclave to produce steam used
for sterilization. To put the model into operation, we carried out several
calculation tests. These simulations were carried out after we designed a
system composed of a conical reflector and a cylindrical tube with a
pressure regulator that contains water, which we call the autoclave. The
tracking system was designed to make it easier for the reflector to
recover as much radiation as possible to make the system efficient. The
data obtained during the simulations are compared to the results in the
literature. We find an excellent agreement between the two. The data
obtained during the simulations are compared to the results in the
literature. We find an excellent agreement between the two. The work is
organized as follows: in the first section, we used Brichambaut model>°

* Corresponding author at: Department of Physics, Faculty of Sciences, M’Sila University, PO Box 166 Ichebilia, M’Sila 28000, Algeria.

E-mail address: khaled.mahdi@univ-msila.dz (K. Mahdi).

https://doi.org/10.1016/j.padiff.2024.100659

Received 30 January 2024; Received in revised form 29 February 2024; Accepted 1 March 2024

Available online 12 March 2024

2666-8181/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:khaled.mahdi@univ-msila.dz
www.sciencedirect.com/science/journal/26668181
https://www.elsevier.com/locate/padiff
https://doi.org/10.1016/j.padiff.2024.100659
https://doi.org/10.1016/j.padiff.2024.100659
https://doi.org/10.1016/j.padiff.2024.100659
http://crossmark.crossref.org/dialog/?doi=10.1016/j.padiff.2024.100659&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

K. Mahdi et al.

In

Conical reflector

Absorber (cylindrical
receiver

Partial Differential Equations in Applied Mathematics 10 (2024) 100659

safety valve

A
- = 000000 » L > : pp ape
A H i
Aret :
E ’%Alat
L i
Water
N

é Alow

Fig. 1. Schematic of solar autoclave configuration.

to calculate the direct solar radiation at the M’Sila site; in the second
section, we present the mathematical model developed to obtain the
evolution of the temperature of the autoclave and water as well as the
saturated steam pressure produced. Then, in Section 3, we present the
designed device’s performances and the comparison of the results with
the seasons. Finally, in Section 4, we give our conclusions.

Description of the design

The concentrator is composed of a conical shape covered by a
reflective material covering the reflector’s interior surface. The conical
concentrator/reflector rests on a support equipped with two axes of
rotation following the sun. The metal of the autoclave must have good
conductivity, so we chose copper (360 W/ °C.m?) as the absorbent de-
vice. The autoclave is a tube with an external diameter of 5, 6, 7, 8, 9,
and 10 cm and a length of 50 cm. It has a hole for filling with water
(capacity according to the proposed diameter) and closes with a safety
valve. The autoclave is covered with a thin layer of black paint to reduce
the reflection of the sun’s rays concentrated by the conical reflector. It is
located in the conical concentrator axis. The half-angle of the top of the
cone is 45° Fig. 1 shows a model proposed by.”

Where:

Ares: reflector surface of the conical concentrator,

Agpe: aperture surface

Aje: lateral surface of autoclave

Aypp: upper surface of the autoclave

Alyy: lower surface of the autoclave

L: length of the autoclave/cylinder and radius of the aperture
reflector

0,: zenith angle

hg: solar height

Mathematical model

The mathematical model is composed mainly of two parts; the first
calculates the direct incident radiation using solar radiation models.
The second is based on calculating the temperature and heat transfer
parameters by convection, radiation, and saturated pressure® applied to

the conical reflector and the absorber/autoclave.

Calculation of normal direct solar radiation

The solar autoclave was theoretically tested under M’Sila climatic
conditions for the 21 December and 21 June, where computing started
at 11:00 a.m. to 01:00 p.m. M’Sila is situated on a plateau at 340 m
above sea level in the centre of Algeria (latitude 35.71° N, longitude
4.54° E). The region’s climate is continental, characterized by Bri-
chaumbot model.® Direct solar radiation can penetrate the atmosphere,
but its intensity is attenuated. Various methods are used to calculate this
radiation: the declination value can be obtained accurately using the
following formula.'

. [360
5 =123.45 sin {% (284 + nduy)} 1

With ngay: number of the day of the year (1st January = 1), decli-

nation is greatest at the summer solstice (21 June) and least at the winter
solstice (21 December). it is zero at the equinoxes (21 March and 21
September). The position of the sun in the sky gives us information about
solar time ST, which is given by sundials. There is a simple relationship
between solar time ST and the hour angle w, given by:

w=(ST—12) x 15 2

The notion of average time (STM), which varies by +£16 min about
ST, is given by the following formula:

STM = ST — ET 3
Where the corrective term Et is called the equation of time, this
quantity can be calculated using the following formula:
Er =229.2(0.000075 +0.001868 x cosB —0.032077 x sinB —0.014615
X cos2B —0.04089 x sin2B)
@
Where: B = (ngq, — 1) 38

365
The zenith angle 0z, slope angle, hour angle, and azimuth angle are

also calculated using formulas mentioned in the following equation:

0,= acos(cos(lat) x cos(8) x cos(w) + sin(lar) x sin(8) 5)
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The following formula can be used to calculate the solar height:
hy = asin|cos(lat) x cos(8) X cos(w) + sin(lat) X sin(5)] (6)

Direct solar radiation manages to pass through the atmosphere but
suffers a reduction in its intensity. The calculation of this radiation
follows different methods among this method:

The atmospheric pressure as a function of the altitude of the local
point’

Pam = 101325 x (1 —7%226% 10,5)525

@)
where:

z: Altitude in meters

The saturation vapour pressure Py, the average relative humidity U

and the partial pressure of water vapour Py are defined by the following
relationship

Py = 2.165 x (1.098 + Teny X 1072)8.02 .
and

A 9
where:

U:relative humidity measured as a percentage (%)
Tenv: Air temperature in °C.

The relative optical air mass m from which results the Rayleigh op-
tical thickness Eg which determines the attenuation due to diffusion, the
solution of Eq. (10) was made by Kasten”

P,
= : 10
m [101,325, si,n(,h,)+,151,98.,75 , x(,3.8,85+,h,), 1253] 10
and
Ep = ! (11)
F7009 xm+94)
Where:

Eg: Rayleigh optical thickness

In the Link method, we introduce the total cloudiness factor Ty,
defined as the pure and dry atmospheric number (without aerosol, water
vapour or cloud), that is to say, the manifestation only absorption and
diffusion of the constituents of the atmosphere (Oz, COo, rare gases, etc.)
The Linke Ty disorder factor allows an evaluation of atmospheric
extinction by gases and aerosols according to the following formula®:

T, =24+14.6xd+04 x (1+2xd) x In(Py) 12)
Where d is the coefficient of atmospheric disorder, which takes the

values of:

d: 0.02 for a mountain location;

d: 0.05 for a rural location;

d: 0.10 for an urban location;

d: 0.20 for an industrial location (polluted atmosphere).

The calculation of extraterrestrial radiation can be carried out by the
following approximate formula'~®:

360
Gy = Gy {1 +0.033 cos <ﬁndﬂy>} 13)

The calculation of incident radiation using the following formula:
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[N — sz X e—(ERxmxTL) (14)

The radiation flux concentrated on the lateral surface of the auto-
clave as shown in Fig. 1 by the following formula®®:

Qam = INAapcpmfaam (1 5)

Mathematical description of the solar autoclave

In this paragraph, in Fig. 3, we observe that the concentration ratio
for a parabolic dish concentrator can deliver theoretical concentrations
higher by 100 to 10,000, which is enormous. In practice, conical con-
centrators are produced whose achievable concentration ratios are
much smaller than 100, taking into account the contribution of optical
errors on the geometric quality of the surfaces, the sun tracking error
and the sun tracking and specular error. Focus. From the receptor,
concentrations of around ten can be obtained. The main mathematical
equations to describe the problem are presented. Eq. (16) determines the
concentration ratio of the cone reflector.’

Agpr
CRf—p

= 16
A lat ( )

This equation is the ratio between the reflector’s conical opening and
the autoclave’s side surface—the concentration ratio classification ac-
cording to the reflector’s geometric shape, according to Fig. 3. The
present study chooses several different diameters (D, = 0.025, 0.03,
0.035, 0.04, 0.045, 0.05 m) of the autoclave for the same diameter of
reflector Dy = 1 m., which produces several different concentration
ratios.

Energy balance of an autoclave

In this first part of the description of the solar autoclave, we have
selected the mathematical model of the water heating system to produce
saturated steam to sterilize medical-surgical instruments. The model
comes from an energy balance carried out on the thermodynamic system
we have defined (Fig. 1). The autoclave system is composed of the water
in the lower part of the cylinder, which gives shape to the autoclave.
Under these assumptions, the general energy balance is given by:

Quit = Que + Quos a7

The energy concentrated by the conical reflector is provided by solar
radiation. The amount of energy that the concentrator can supply to the
autoclave system is:

Qum‘ = ﬂoQ.\- (18)
Knowing that:

Mo = Pres Qs

Where

Oaut = Qar = Oypp: Absorption coefficient, respectively, of the side and
upper surface of the autoclave.

The following equation expresses the concentrated radiation pro-
vided by the conical concentrator/reflector:

O, = IyAry

The useful heat produced can be calculated as follows from the en-
ergy balance of the autoclave. The absorbed solar energy by autoclave
Qaut is separated into useful heat (Quse) and thermal losses Qo5 the
absorbed power (Qgps) is calculated from the solar power (Qs) and the
optical efficiency (no):

No = Pres Faur

Moreover, in steady state, thermal losses (Qjos) can be separated into
three categories: heat losses by radiation (Qraq), heat losses by internal
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convection (Qconv):

Qlos = Qrad + Qconv (19)
Internal convection thermal losses

Then convection heat losses are given by

Ocon = MiarAtar(Tiar = Tews) + MuppAupp (Tupp — Tems) (20)

The values of the heat transfer coefficients of the lateral surface hj,;
are highly dependent on the velocity of the wind blowing with respect to
the cylinder. The heat transfer coefficient hy, is given by.1’2

Aaut <M> 0.618 o

h =0.174—
D ﬂair
Where

Aaut: Thermal conductivity of autoclave.
D: external diameter of autoclave.

Pair: Volumic mass of air

Hair: dynamic viscosity of air

We can also calculate the Nusselt number using the following for-
mula.
hlmD

Nuyoy = . (22)

and

(23)

N
Nu,a,:0.174<p7“" aCOSh )

luair
Where:

Nuyq: Nusselt number of the autoclave lateral surface

The coefficient of the upper surface hj,;, when the wind speed is zero,
is given by’

k
My = E(Gr X Pr X cos hs)o‘25 24
with
Nuy = (Gr x Pr x cos hs)o‘25 (25)
where:

Gr:Grashof number,
Pr: Prandtl number.and

D2

D=
%

(26)
where

D*: dimensions of the side of a square whose area is equal to surfa-
cewe can find the value of Grashof number by the relation

ATL?p?
Gr =822 @7)
H
and
Hep
pr=2-" 2
=" (28)
where:

AT =Tuy — Ty
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Radiation thermal losses

Then radiation heat losses are given by

A 1atEla Au pEu
Orad—tar = Tl (UTZ, - Jlar) + lm—pp (074 - Jupp) (29)

U
1 — &1 — Eupp P

Where the radiosities Jiq and Jy,p are developed in the appendix,m’ll

and are given by:

Jiae = €16T3h, + (1= €1ar) (Erep Frar—ref + €aFtat—ape ) Ty, (30)
Jupp = 82673;,; + (1 - Supp) (egFqugGT,j + EGFNPP*Sg]jnV) (€X0)]
where:

€12 emissivities of the lateral surface of the autoclave
€ref: €missivities of the conical surface of the concentrator/reflector
eypp: emissivities of upper surface of the autoclave

The radiosities Jio, Jypp and Jryp, are calculated by following
equations5

Jia = €a0Ti + (1 — &) (Jrchlnt—ref +JapeFlaI—ape) (32)
Jref = ErefC Tif + (1 - Sm/) (szF vef—tat T Jref Frep—rer + JiaF ref—lal) (33)
Jap:' = Srefone[ +0= SeanT:,w 34)
and
1 B 1 5 B .41 7A
Flaape = o (cos ]Z —2—y { ((A +2) — 4x2) cos 'x—A—Q—Bsm ';— 7})
(35)
Where
Rapc
= 36
" Ru 0
We can also calculate the ratio
L
)= 37
y RGUI
With:
L: length of the autoclave
Rape: radius of the conical aperture
Raut: radius of the autoclaveand
A= +y -1 (38)
B=y —x+1 (39)
Since surface two is always kept normal to the solar rays, then:
1 .
Fupp—gro = 3 [1—sin(hy)] (40)
1 .
Fuppsiy = 3 [1 4 sin(hy)] (41)
Where:
Fuoo-gro: Shape factor of the upper surface of the autoclave to the
ground
Fuoo-gro: shape factor of the upper surface of the autoclave to the sky
The emissivity ¢, of the atmospheric air is given by,' "'
g =1-0261 ¢ [77 X077, (42)
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dT,.(1)
dr

(Mwater Cwater + MarCaur)

= INAapeprgfalar - |:hlarAlut(Tlar - Tenv)

A al al
(6T~ i) (43)
1 - Elar

+ huppAupp (Tup - Tcnv) +

Auﬁﬁeuﬂp 4
+ 1— Eupp (O-Tupp - JupP)

Where:

o: Stefan-Boltzmann constant, 5.67 x 10~8 W/m?K*
Myyater: Mass of the water in the autoclave
myy,: mass of the autoclave.

the value of T,y being obtained by solving the equation by a numerical
method (Range-Kutta of order 4). the autoclave fluid temperature
defined as:

Tﬂl{ Ten\’
Tyer =~ 44

Thermal efficiency of the solar autoclave

The thermal efficiencies for different receiver tube diameters and
different inlet temperatures are calculated and plotted in Fig. 11. The

following expression gives the thermal efficiency of such a device'*:

FrU, Tt — Topy
Ny = Frllp — ( RC L) ’[7 (45)
R N

No = Pret®ar = 0.9 x 0.95 = 85%

where Fg: heat removal factor” is given by:

Frp = ™ Coer {l—exp(—w)} 46)

Alm UL mcwal(‘r
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v
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y

computed: Diat, B, Pr, Gr, Grlat,
hlat, hupp, Qconv, Qloss,

v

solve EDO by Runge-Kutta fourth
order

v
ki=h*{(xi,yi)
ko=h*f(xi+h/2,yi+k 1/2)
ks=h*f(xith/2,yitk2/2)
ks=h*f(xi+h,yi+k3)

v
evaluated :
yitl+ yi+1/6(ki + 2ka + 2ks + ka)

v

plot the parameter:
Taut N Tf, Psat , Nth

Fig. 3. Flowchart for calculating physical parameters.

where:
F’: collector efficiency factor
Uy overall heat loss coefficient from autoclave

m: masse of the water

To determine the heat loss coefficient Up, we can use Eq. (47).
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Clapeyron ’s equation gives the evolution of the pressure of the
saturated steam of the water in the autoclave as a function of the change

in its temperature is given by[11]:

v

M.
Psar = Po€xp T(l /TO -1 /Twan'r)

200

180 +
160
140 1

Temperature (°C)
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Where:

To: boiling temperature of the water at a given pressure py, in K;
Psat: saturated vapor pressure, in the same unit as po;

M: molar mass of the water, in kg/mol, for water M = 0.018 kg/mol;
L,: latent heat of vaporization of the substance, in J/kg, Ly = 2.26 X
106 J/kg (at 100 °C);

R: ideal gas constant, equal to 8.31 J mol ™! K™1;

T: steam temperature, in K.

Computer program for simulation

We have developed a computational code in Fortran language, which
can provide early knowledge about temperature distribution, solar
irradiation and temperature at the receiver/autoclave. The Runge-Kutta
algorithm of order 4 allows the solution of the partial differential
equation. Fig. 2 and Fig. 3 shows the following flowchart, which pre-
sents the procedure for calculating the evolution of the temperature of
the autoclave and what it contains, as well as the saturating pressure
produced by heating the water.

Results and interpretations
In this part, the modelling results are presented. In all cases, the

fluid’s initial temperature and the environment were defined, and other
parameters according to winter and summer, such as heating tempera-

120+
100 +

(48) ture, average autoclave temperature and thermal losses, were calcu-
lated. Fig. 4 shows that the concentration ratio decreases as the diameter
T T T T T T T 900 —_— ‘(OC)
S
800 —-—-1 (Wm’)
Pha N\'\.\
e . L 700
‘ N\
/ AN
,,,,,,, /.. Sweamproductionlevel 600

(_w/A\) uoneIpRI IB[OS JORII(]

T
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T 300
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Fig. 5. Hourly variation of autoclave temperature (Tg,), ambient temperature (T,,,) and direct normal solar radiation (Iy) for 21 December (m = 0.9 kg, Doy =

0.10 m).
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Fig. 6. Hourly variation of autoclave temperature (Tg,,), ambient temperature (T,,,) and direct normal solar radiation (Iy) for 21 June (m = 0.9 kg, D,y = 0.10 m).
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of the conical concentrator autoclave increases' 2.
The following Fig. 9 shows the influence of the diameter of the

autoclave on the water temperature; the reduction in the diameter of the
autoclave causes an increase in the geometric concentration, which

therefore increases the temperature at the autoclave level. A sizeable
geometric concentration, therefore, a large concentrated flow on the
side surface of the autoclave increases the temperature value to high
levels.'?

This modelling approach was validated by comparing the mathe-
matical model and Bahadori’s numerical results (1976). The tempera-
ture distribution of the autoclave in March is compared with data
measured by Bahdori (1976), as shown in Fig. 10. A good agreement is
obtained between the numerical and measured data. The results are
statistically significant, with a very high R square value (greater than
0.980) and a meager P value.

In Fig. 10, we observe the increase in wind speed, which will increase
heat losses and thus reduce the temperature of the autoclave. The use of
the solar autoclave for water heating and the production of saturated
steam with a stationary fluid at the level of the autoclave is not very
interesting because of the stagnation temperature reached after a very
short time in the summer and relatively in the winter. The efficiency of
the conical concentrator becomes zero after a specific heating time; it is
necessary to change the contents of the autoclave, which allows us to
conclude that this type of model cannot be used continuously all day.

We can define the stagnation temperature when the thermal effi-
ciency of the autoclave equals zero. According to Eq. (49):

CrPrep Aarln

T:Iag = U, + Ty (49)

The parameter presented is the thermal efficiency of the solar
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Fig. 11. Influence of wind on autoclave temperature for 21 June (m = 0.9 kg, D,y = 0.05 m).
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Fig. 13. Thermal efficiency curve for different diameter of the solar autoclave (myyater=0.6 kg).
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autoclave. Fig. 3 presents this quantity for different operating condi-
tions. The x-axis is the efficiency parameter (Tayt — Tenv)/In, generally
used to present the system efficiency. In the following three Figs., 11, 12
and 13, we have taken three different quantities of water in the auto-
clave mypger = 0.3, 0.6 and 0.9 kg for their same diameters.

Equations that describe the thermal efficiency of the solar autoclave

for different diameters are given as follows:

For Dy = 0.05m : 5,,(%) = 84.6 — 3.816 (%)
For Dy = 0.06m : 1,,(%) = 84.7 — 4.265 (%)
For Dy = 0.07m : 1,,(%) = 84.7 — 4.698 (L' I;T)
For Dy = 0.08m : 7,,(%) = 84.6 — 5.119 (%)

T T T T 1
10:00 11:00 12:00

Hours of the day

Fig. 17. Duration of heating of the autoclave water during the different hours of the day of December 21.
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Fig. 18. Duration of heating of the autoclave water during the different hours of the day of June 21.

10



K. Mahdi et al.

Heat (W)

Partial Differential Equations in Applied Mathematics 10 (2024) 100659

—Q,W)
600 T T T T T T 180 - e .Q (W)
/.,O/ + use
" 1160 " -7 Q (W)
500 o e T,L0
AN /./. L. . L 140 aut
\ e .o -
400 4 N /./o L +120 I
N ./. . . + g
N Y . -100 5
300 <. L . i g
____________ AN Thermal equilibrium point | 80 £
S LN - o
| J ' ~
200 raw LS 60 3
/. R 4 : ~ iy r ~
1004 o * i S o 40
./ Lo i T~ ~ 20
0 . — . . , 0

Fig. 19. Graph of simulation that began at 11:00 h solar time for 21 December, Iy= 878.6 W/m?, Dyt = 0.05 m, Cg ~10, Myaer= 0.6 kg.

Heat (W)

_Qabs(W)
600 : : : : ——— 180 = .Q (W)
e 160 QW)
500+ .ot r T T,C0
I\ L - 140
\ : e
4004 . e 2o o
\ . oo L 100 2
. _o-® F100 5
3004 N et r 8
————————————— }‘#L Thermal equilibrium point r80 2
. /o‘/ \ r 1
200 ./.'/° i N r60 3
./, ' N r ~
o " N 40
1004 o : ~ -
Y. : . L 20
. 1 ~ L
' ~
0 T T T T T Um— 0

Fig. 20. Graph of simulation that began at 11:00 h solar time for 21 December,Iy= 878.6 W/m?, Dyt = 0.1 m, Cg &5, Myater= 0.6 kg.

Heat (W)

600

- Qabs(w)

240 _

500+

400+

300+

2001

100+

Thermal equilibrium point

-_220 Tttt Qlos(w)
200 —e—T (°C)

aut
L 180
L 160
L 140
L 120
L 100
L 80
L 60
L 40
L 20

(Do) @amerodwa]

T
11:10

T
11:20

T
11:40
Hours of the day

T
11:30

T
11:50

0
12:00

Fig. 21. Graph of simulation that began at 11:00 h solar time for 21 Jun, Iy= 894.5 W/m?, Daye = 0.05 m, Cg ~10, Myater= 0.6 kg.

11



K. Mahdi et al.

Partial Differential Equations in Applied Mathematics 10 (2024) 100659

—Q,W)
600 ———————————— r240 = = -Q (W)
1 - '__220 Tt Qlos(W)
500 -\ e -200 —o—T_(°C)
I\ L L 180
\ . -0
400 N T et 160
_ 1 N - e F140 2
£ 300 N e L120 &
3 gk 100 £
o 1 N r =
T 2004 s E\Themal equilibrium point [ ¢, A
oL | S SSEIRe!
_'/./' K i S - 60
1004 . | S [ 40
. ! ~ L
{. ! S -20
: ~ - L
0 T T T T T T T T T T T 0
11:10 11:20 11:30 11:40 11:50 12:00
Hours of the day

Fig. 22. Graph of simulation that began at 11:00 h solar time for 21 Jun, Iy= 894.5 W/m?, Dy = 0.1 m, Cg &5, Myger= 0.6 kg.

Table 1

Parameters of the investigated configurations.
Parameters Symbol Value
Lateral surface of the absorber Ajae (m?) 3.1415e—-1
Upper surface of the autoclave Aupp(mz) 3.1415e—2
Lower surface of the autoclave Alow(m?) 3.1415e—-2
Aperture surface of the cone Agpr (m?) 1.1309
Reflector surface of the cone Ares (m?) 1.4721
Autoclave Length L (m) 0.5
Concentration factor Cr Aape/Alat
Emissivity €lat=Cupp=Eref 0.95
Atmospheric emissivity €atm ~0.7
Ground emissivity €gr0 0.9
reflector reflectivity Pref 0.8
Ground reflectivity Pg 0.2

Table 2

Main results: Fr and Uy, for different receiver tube diameters 0.3 kg.
coefficients D =0.05 0.06 0.07 0.08 0.09 0.10
Cr 10 8.33 7.14 6.25 5.56 5
Frno 0.846 0.847 0.847 0.846 0.846 0.846
Fr 0.996 0.997 0.996 0.996 0.996 0.995
FrUL/Cr(%) 3.816 4.265 4.698 5.119 5.546 5.964
Ur(W/m? °C) 38.30 35.63 33.65 32.12 30.95 29.94
Tstag (°C) 239.3 219.6 203.3 189.4 179.1 169.9

Table 3

Main results: Fr and Uy, for different receiver tube diameters 0.6 kg.
coefficients D = 0.05 0.06 0.07 0.08 0.09 0.10
Cr 10 8.33 7.14 6.25 5.56 5
Frno (%) 82.063 81.931 81.888 81.822 81.839 81.801
Fr 0.965 0.963 0.963 0.962 0.962 0.962
FrU1/Cr(%) 3.654 4.070 4.485 4.889 5.299 5.698
UL (W/m? °C) 37.85 35.18 33.24 31.74 30.60 29.60
Tstag (°C) 241.67 220.45 204.51 190.84 180.69 171.73
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Table 4

Main results: Fg and Uy, for different receiver tube diameters 0.9 kg.
coefficients D=0.05 0.06 0.07 0.08 0.09 0.10
Cr 10 8.33 7.14 6.25 5.56 5
Frno(%) 80.766 80.651 80.52014 80.373 80.292 80.200
Fr 0.950 0.948 0.947 0.945 0.944 0.943
FrUL/Cr(%) 3.56 3.97 437.46 476.37 515.539 554.16
U (W/m?K) 37.463 34.891 32.972 31.487 30.344 29.366
Tstag (°0 241.97 222.64 206.42 192.39 181.51 171.83

For D,y

For Dy

Tau - Tenv
0.09m : 5, (%) = 84.6 — 5.546 (‘17)
N
Taul - Tenv)

0.10m : 1,,(%) = 84.6 — 5.964 (
N

Equations that describe the thermal efficiency of the solar autoclave
for different diameters are given as follows:

For Dy

For Dy

For Dy

For D,y

For Dy

For Dy

0.05m : 7,,(%) = 82.063 — 3.654 (%)
0.06m : 1,,(%) = 81.931 — 4.070 (%
0.07m : 1,,(%) = 81.888 — 4.485 (%)
0.08m : 7,,(%) = 81.822 — 4.889 (%)
0.09m : 1,,(%) = 81.839 — 5.299 (%)
0.10m : 7,,(%) = 81.801 — 5.698 (%)

Equations that describe the thermal efficiency of the solar autoclave
for different diameters are given as follows:

For Dy

For Dy

Tau - Tem'
0.05m : 17,,(%) = 80.766 — 3.559 (’17)
N

Taww = Tew
0.06m : 1,,(%) = 81.931 — 4.070 <17>
N



K. Mahdi et al.

For Dy = 0.07m : 7,,(%) = 81.888 _4.435(T“w - T)
For Dy = 0.08m : 7,,(%) = 81.822 — 4.889 (T““’ - )
For Dy = 0.09m : 7, (%) = 81.839 — 5.299( an )
For Dy = 0.10m : 7,,(%) = 81.801 — 5. 698( amI;Tpnv)

This coefficient is relatively big because there is no coverage and
convection losses are significant. The thermal convection coefficient is
approximately 10 W/m? °C, so the total heat loss coefficient is greater
than this value, varying from approximately 29.36 to 38.30 W/m? °C.
These high values are acceptable because radiation losses are included.
We noted that the thermal efficiency is maximum when the temperature
of the autoclave is equal to the temperature of the environment.'*!”

This situation only occurs at the start of each heating operation. The
increase in temperature reduces the thermal efficiency of the autoclave.
The efficiency of the autoclave decreases remarkably when the di-
ameters of the autoclave increase because the autoclave transfers a large
part of the heat to the external environment due to the increase in their
lateral surface, which explains a decreased concentration ratio Cg. We
also observe no variation in the shape of the curves when we change the
quantity of water.

Fig. 15w shows the influence of the diameter of the autoclave on the
pressure of the saturated steam; the increase in the diameter of the
autoclave causes a reduction in pressure, which, therefore, reduces the
temperature at the level of the autoclave. An increase in the geometric
concentration, therefore, causes a concentrated flow to increase on the
side surface of the autoclave, which will increase the temperature value
to higher levels and cause an increase in the steam pressure[14]. We
note in Fig. 16 that when we increase the mass of water added to the
autoclave, we will increase steam production and pressure by a few
more bars.

Figs. 17 and 18 show the variation in the temperature of the auto-
clave and the water during these two days (December 21 and June 21).
Temperature increases over time in all operations. After each cooling,
the temperature of the autoclave and the water becomes equal to the
temperature of the environment. There is a difference between the
autoclave temperature in winter and summer due to the power of solar
radiation. We also notice that the heating speed in summer is more than
three times more rapid compared to winter Figs. 8, 14.

In Figs. 19, 20, 21 and 22, we show the evolution of heat losses and
the heat used and absorbed during heating on December 21 for two
different diameters of the autoclave Dy, = 0.05 and 0.10 m. It can be
seen that the heat absorbed by the side surface of the autoclave is lower
than the heat received by the conical opening of the reflector. This
variation is due to losses by reflection and absorption by the conical
reflector and the autoclave Figs. 6, 7.

When the temperature of the side surface of the autoclave increases,
the latter transfers heat to the environment by conduction, radiation and
convection. The more significant the difference between the tempera-
ture of the absorber and the ambient air, the greater the heat losses from
the conical concentrator and the lower the useful heat. Heating con-
tinues until reaching the point of thermal equilibrium between useful
heat and waste heat, i.e. at 11:22 a.m. for D,y = 0.05 m and 11:16 a.m.
for Dyt = 0.10 m in winter and at 11:28 a.m. for Dy = 0.05m and 11:20
a.m. for Dyt = 0.10 m in summer.” At this point, the equilibrium tem-
perature is reached (Fig. 2, 5-8,14 and Table 1-4).
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Conclusion

This article presents a mathematical model for the evolution of the
water temperature in an autoclave operating with solar energy supplied
by a conical reflector. We have also validated the model with work
published in the literature. Although the model is simple, it is capable of
describing physical phenomena. It can accurately reproduce the phase
change point within 100 °C when the phase transition begins in the
thermodynamic system. The concentration ratio of the order of 10 can
operate from the production of steam combined with relatively medium
radiation. The time necessary to produce the saturating steam to reach
pressures of around 7 bars. For a diameter of 0.05 m in normal condi-
tions. The mathematical model effectively predicts the evolution of the
temperature of the autoclave and the water. Thanks to it, we can propose
modifications to the system, which will allow it to function more
optimally.
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